Rivers are one of the natural fresh water resources that satisfy the domestic, agricultural and industrial needs of people. The Cauvery, Vaigai and Thamirabarani are the three major rivers flowing through the Southern Tamil Nadu region of India. In this study, the Water Quality Index (WQI) and heavy metal concentrations of river water during the pre-and post-monsoon periods in 2015 were recorded and the impact of heavy metal accumulation in two important murrel fish species, Channa striata and Channa punctata, was analysed using micronuclei and histology assays. The results revealed that the WQI was greater than 50 in most sites, indicating poor water quality for the sustainability of living organisms. The Heavy metal Pollution Index (HPI) was critical with values >100 in a few sites along the Cauvery and the Vaigai. The bioaccumulation of heavy metals was higher in the C. punctata than in the C. striata in most instances.
Introduction
Water is the elixir of life that cannot be substituted by any other resource. Rivers are one of the major water sources that satisfy the essential needs of living organisms. The Cauvery, the Vaigai and the Thamirabarani are three major rivers owing through the Southern Districts of Tamil Nadu, India. The Cauvery ows across two states of India, namely Karnataka and Tamil Nadu. The Vaigai streams through the Theni, Madurai, Sivagangai and Ramanathapuram districts of Tamil Nadu. The Tirunelveli and Tuticorin districts of Tamil Nadu intensively depend on the River Thamirabarani for their water.
1,2 The rate of utilization of these rivers by varied populations in rural, urban and semiurban areas for agriculture, sheries, and domestic and industrial purposes is enormous. 3 In aquatic environments, heavy metals are found naturally due to withering of rocks and geographical location but nowadays due to urbanization, and anthropogenic activities from agricultural and urban land, the release of partially or untreated sewage/industrial waste into water bodies has led to an increased concentration of heavy metals in aquatic environments. [4] [5] [6] This leads to undesirable changes in the physicochemical parameters of water, thus decreasing the Water Quality Index (WQI), making it unsafe for living organisms and favoring bioaccumulation and bioconcentration 7, 8 by affecting the aquatic ecosystem.
In ecotoxicological studies, sh (aquatic vertebrates) serve as excellent subjects to study the pollution in water samples as they metabolize, concentrate and bioaccumulate water pollutants. 9 There is concern for sh, which have been widely preferred for consumption among the public in recent days due to their protein, omega-3 fatty acids and vitamin richness, as they can be contaminated with toxic metals from polluted aquatic environments. [10] [11] [12] The accumulation of heavy metals in nature leads to bioconcentration and biomagnication across the food chain in ecosystems, which ultimately adversely affects human health.
Channa striata and Channa punctata, which belong to the Channidae family, are carnivorous, bottom feeding and edible fresh water sh. They are available throughout the year. 13 Trace elements occur in water and sediment of low concentration. In higher concentrations, they may have harmful effects on murrel sh.
14 Therefore, in the present study based on the WQI and Heavy metal Pollution Index (HPI) reports from the postmonsoon season of 2014, sites of the Cauvery, Vaigai and Thamirabarani rivers with low, moderate and high levels of pollution were chosen and sh were analysed for bioaccumulation and bioconcentration in various organs. The effect of pollution was analyzed in these sh using micronuclei (red blood cells) and histology assays (gill, liver, kidney and muscle tissue) to evaluate the impact of heavy metal accumulation and bioconcentration in these sh.
Materials and methods

Study area
Eight different sites from each of the three major rivers in the Southern Tamil Nadu region [Cauvery, Vaigai and Thamirabarani] where chosen ( Fig. 1 , Table 1 ) for analysis in this study.
Collection of water samples
Water samples were collected in sterile polypropylene bottles during the pre-(March and April) and post-monsoon (September and October) seasons of 2015. In the pre-monsoon season of 2015, the Vaigai river had no incessant water ow in most of the selected sites and hence for the Vaigai river and so the water quality of the 2016 pre-monsoon period was monitored and used for the pre-monsoon analysis. ) were analyzed by argentometric, gravimetric, ultraviolet spectrophotometric screening and ascorbic acid methods, respectively.
Analysis of physico-chemical parameters
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The samples for heavy metal analysis were pre-treated with 1% of concentrated nitric acid for acidication. Further, the samples were stored in polypropylene containers at 4 C until the analysis was performed. Heavy metals such as arsenic (As), cadmium (Cd), chromium (Cr), lead (Pb), copper (Cu), nickel (Ni) and zinc (Zn) were analyzed by Inductively Coupled PlasmaMass Spectrometry (ICP-MS) (Nex ION 300X-Perkin Elmer).
Water index
2.4.1 Water quality index. The water quality index was calculated based on the weighted arithmetic method using the 10 physico-chemical parameters analyzed.
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Fig. 1 Sampling sites in three river systems. 
The quality rating scale (Q i ) for each parameter was calculated using the following expression: ). Si ¼ the recommended standard value of the i th parameter.
The unit weight (W i ) for each water quality parameter was calculated using the following formula:
where, K ¼ the proportionality constant, which can be calculated using the following equation:
The heavy metal pollution index is a method of rating that shows the composite inuence of individual heavy metals on the overall quality of water. 18 In this indexing, weights (W i ) between 0 and 1 were assigned for each metal. The rating is based on the relative importance of individual quality considerations and is dened as being inversely proportional to the recommended standard (S i ) for each parameter. Water quality and its suitability can be examined by determining its quality index. [19] [20] [21] 2.4.2 Heavy metal pollution index. The HPI is calculated using the following equation:.
where, W i is the unit weight of the i th parameter, Q i is the sub index of the i th parameter, and n is the number of parameters considered. The weighted arithmetic index method was used for calculation of the HPI. The unit weight (W i ) was found using the formula:
where, K is the proportionality constant and S i is the standard permissible value of the i th parameter.
The sub index (Q i ) of the parameter is calculated by:
where, M i is the monitored value of the heavy metal of the i th parameter, I i is the ideal value of the i th parameter which is taken from the BIS Standard; 32 and Si is the standard value of the i th parameter, in ppb (mg L À1 ). Agglomerative Hierarchical Clustering (AHC) was performed based on Ward's method and the Euclidean distance.
Fish collection
Live C. striata and C. punctata (n ¼ 5 of each) were collected from three study sites in each river based on the level of water pollution (low, medium and high) during the post-monsoon period of 2014. The sites were C2, C5 and C8; V1, V3 and V5; and T4, T2 and T8 from the Cauvery, Vaigai and Thamirabarani rivers, respectively. The ranges of the standard lengths and weights of the adult sh were 20-35 cm, 180-220 g; and 15-25 cm, 80-150 g for C. striata and C. punctata, respectively.
Estimation of heavy metals in sh tissues
The sh were manually dissected and their organs were separated. Accumulated heavy metals such as As, Cr, Cd, Cu, Pb, Ni and Zn in the gill, liver, kidney and muscle tissues were analysed. The tissues were oven dried at 60 C. The dried samples were ground into a ne powder using a pestle and mortar, and sieved (0.5-1.0 mm). The tissue samples, (1 g) were digested in 10 mL of HNO 3 : HClO 4 : H 2 SO 4 (5 : 2 : 1 v/v) as described in earlier literature. 22 Finally, the solution was ltered using Whatman lter paper (no. 42) and transferred into a 25 mL standard measuring cylinder. This was diluted with double distilled water and read on an Atomic Absorption Spectrophotometer (Perkin Elmer, Analyst A 800).
Bioconcentration factor (BCF)
The BCF is the ratio of the concentration of a specic metal in the tissue of an organism to the concentration of the same metal in the water.
Health risk assessment for sh consumption
The average concentrations of heavy metals in all of the sh muscle samples and the daily sh consumption rates were used to calculate the Estimated Daily Intake of metals (EDI). The risks for sh consumption were assessed based on Hazard Quotients (HQ). The human health risk was evaluated based on the Acceptable Daily Intake (ADI) and the Reference Dose (RfD), which were previously found by the USEPA and JECFA. 24, 25 The EDI (mg kg À1 d À1 ) was computed using the following formula:
where, C UCL is the exposure muscle tissue concentration upper condence limit (mg g À1 ), and DC sh is the daily sh consumption (1.04 g per capita per day, FAO) 27 of the target population. The target population Body Weight (BW) is taken as the average body weight of an Asian individual, which is 57.7 kg. 28 The hazard quotient evaluates the health risk from sh consumption. A value of HQ # 1 indicates no obvious risk.
HQ ¼ EDI/RfD
Micronuclei assay
About 50 mL of peripheral blood from the caudal vein of C. striata and C. punctata was collected using 1 mL heparinized disposable syringes and transferred into sterile 1.5 mL Eppendorf tubes containing 450 mL of chilled Ca ++ and Mg ++ free phosphate buffered saline. The tubes were placed on ice till the micronuclei (MN) test was performed as per Nagpure et al., 2015. 29 The peripheral blood was applied as thin smears on precleaned slides, individually for each blood sample. Methanol xation for 20 min was carried out, followed by air drying of the slides. 6% Giemsa (Merck) was used to stain the slides for 25 min. 2000 erythrocytes from each slide were examined at 100Â magnication under a light microscope (Nikon Eclipse Ci 2 ) equipped with a digital camera (Fig. 4) . Small, non-refractive, circular or ovoid chromatin bodies displaying the same staining and focusing pattern as the main nucleus were scored as micronuclei. 30 The MN frequency (%) was calculated as:
MN% ¼ number of cells containing micronucleus total number of cells Â 100
Histopathology
The sh tissues (gills, kidney, liver and muscles) were xed in Bouin's uid for 24 h, then histological processes were performed according to Bancro and Cook. 31 A microtome was used to make 4 mm thick sections and these were stained with hematoxylin and eosin (HE) for examination under the light microscope (Nikon Eclipse Ci 2 ) at 10Â and 40Â and examined for histopathological modications.
Statistical analysis
All of the analyses were done in triplicate and the values were expressed as mean AE standard deviation using SPSS 21.0. The raw values were subjected to the non-parametric Mann-Whitney test to evaluate the signicance.
Results and discussion
Water quality index
The physico-chemical parameters analysed from the rivers during the pre-monsoon and post-monsoon periods of 2015 were compared with those obtained from the Bureau of Indian Standards (BIS) and World Health Organization Standards (WHO). 32, 33 The standard WQI values used for comparison are mentioned in Table 2 . The WQIs calculated for the Cauvery, the Vaigai and the Thamirabarani are explained in Fig. 2 . The Cauvery sampling sites C1 and C2 had a WQI of around 52, indicating a nearer to good quality of water, whereas the C5 and C8 sites are very poor for human utilization with a WQI greater than 75. In the Vaigai, sampling site V1 recorded a WQI of 45 during the post-monsoon season in 2015 whereas site V5 showed a maximum WQI of 88. A similar scenario was observed in the Thamirabarani at the T1 and T8 sites with WQIs of 50 and 80, respectively. Agglomerative Hierarchical Clustering (AHC) of the WQIs in the Cauvery classied them into 4 different clusters. In sites C1, C2 and C3 the water quality was better than that of the other sampling sites, and sites C5 and C8 were extremely polluted and formed separate classes (Fig. 2) .
In the Vaigai, V1 and V2 formed a class with a WQI of 40-50 and in the Thamirabarani, the T1 site was a separate class from the other sites with good water quality. In all of the cases, sites in the urban area had a poorer WQI than those in the rural sites. It is worth noting that the pH of the C5, C8 and T8 sites with low WQI was around 8.50, which is also one of the major factors contributing to the reduction of water quality. Based on earlier reports by Solairaj et al. (2010) 34 about monsoon variations in the physico-chemical parameters of the Cauvery water during July-December 2007, the total dissolved solids (TDS) and phosphate levels were also beyond the standard levels. Similar results were found in this study which may be due to the agricultural, urban land runoffs and industrial effluents released into the river water. The initial sampling points in all of the cases were quite far away from anthropogenic activities, while the nal sampling sites were completely located in the semi-urban to urban area with various land use patterns for agricultural, residential, commercial and industrial uses and hence, the possible sources of contamination were from agricultural runoff, sand mining, solid waste dumping, sewage and industrial runoff, ritual discards by pilgrims, etc.
34-39
Heavy metal pollution
Among the 7 heavy metals analysed, the levels of arsenic, copper, cadmium and zinc were found to be within the standard limits. The heavy metal pollution index was high during the post-monsoon period compared to that during the premonsoon period. Fig. 3 describes the HPI and clustering of sites based on their pollution level. An HPI index above 100 is considered to be critical according to Prasad and Bose, 2001 .
40
The Cauvery C6 and C8 sites had HPIs of 102.07 and 106.90, respectively, the V5 and V6 sites of the Vaigai recorded maximum HPIs of 119.24 and 106.59, respectively. The Thamirabarani stream had no sites with an HPI > 100, the maximum HPI of 81.05 was observed at the T2 site.
Based on heavy metal analysis in each river and its study sites for each metal, the sites exhibiting low, medium and high levels during the study period are shown below. The river Cauvery: As (C2, C5 and C8), Cd (C4, C2 and C8), Cr (C5, C7 and C1), Cu (C4, C6 and C5), Ni (C2, C7 and C8) Pb (C7, C2 and C3) and Zn (C2, C7 and C8); the river Vaigai: As (V1, V2 and V3), Cd (V1, V6 and V8), Cr (V3, V1 and V5), Cu (V8, V5 and V1), Ni (V8, V3 and V4) Pb (V4, V6 and V5) and Zn (V8, V6 and V1); and the river Thamirabarani: As (T8, T7 and T1), Cd (T1, T2 and T7), Cr (T8, T2 and T7), Cu (T4, T1 and T8), Ni (T8, T3 and T1) Pb (T7, T1 and T8) and Zn (T4, T6 and T1). Cadmium was found to be slightly higher (0.02 mg L À1 ) in the T5 and T7 sites of the river industry effluents loaded with synthetic dyes, copper, zinc, lead, phenolics, and commercial and household waste accumulation. [41] [42] [43] In contrast, the level of Cr was observed to be high in the C1 site of the Cauvery which might be due to withering of rocks. Earlier reports suggested that the heavy metal concentration in stream water may vary due to their low solubility and monsoonal variations. Heavy metal toxicity may lead to several neurogenetic, nephrotoxic disorders and ill health. 44 The report of Dhanakumar et al. (2015) 6 elucidated the bioaccumulation of heavy metals in sh liver, gill and kidney tissues. The accumulation of heavy metals in sh takes place when there are extremely high concentrations of metals in the environment primarily via the gills during ion exchange and then by ingestion of food or sedimentary particles through diet.
Bioaccumulation and bioconcentration factors of heavy metals in sh tissues
The levels of accumulation of heavy metals (As, Cd, Cr, Cu, Ni, Pb and Zn) in the gill, kidney, liver and muscle tissues were investigated. Fish mostly migrate in aquatic environments rather than settling in one place, and so metal accumulation in their organs provides evidence of their exposure to environmental pollutants in water. 45 Fish, the primary constituent of aquatic food chains, can accumulate heavy metals from their food and environment. 46, 47 According to earlier reports, metal bioaccumulation by sh is a complex process that depends upon various exogenous and endogenous factors, subsequent distribution in organs is inter specic and inuenced by species, sex, age, size, reproductive cycle, swimming patterns, feeding behaviour and living environment (geographical location).
47,48
The bioconcentration factors, revealing the levels of water pollutant accumulation in the various sh organs, are listed in Table 3 . Table 4 evidently proves the signicant variation of bioconcentration in both of the study species in the pre-and post-monsoon periods with P < 0.5 for the non-parametric Mann-Whitney test.
Gills, the respiratory organs of sh, facilitate metal ion exchange from water 45 along with toxic metals. 49 Hence, water pollutants are concentrated in the gills. Pb, Cr, Zn, As, Cu and Ni aunted the highest concentrations in the gills. Similarly, C. striata and C. punctata showed inter-specic variation of metal accumulation based on their age, geographical distribution and sex in this study, as reported in earlier literature.
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Similar results for high Pb concentrations in the gills were observed earlier in other species, indicating a negative correlation between the metal residues and feeding habitats in aquatic organisms. Table 5 shows the organ based bioconcentration between the species, with C. punctata exhibiting signicantly greater bioconcentration than C. striata. Several earlier reports have also observed a higher level of bioaccumulation and genotoxicity in C. punctata. 58 The bioaccumulation pattern observed in this study mainly followed the order given below:
45,51-53
As gills > liver > kidney > muscle Cd kidney > gills > liver > muscle Cu gills > kidney > liver > muscle Ni gills > liver > kidney > muscle Pb gills > liver > kidney > muscle Zn gills > kidney > liver > muscle The accumulation of essential metals in the liver is due to their essential role in metabolism. 47 The elevated Zn and Cu levels in the hepatic tissues were due to natural binding proteins such as metallothioneins (MT). 54 On the other hand, the liver also showed high levels of non-essential metals such as Cd, As and Pb due to displacement of normal MT-associated essential metals in the hepatic tissues. 55 Similar results of high Zn, Cu and Cd in the liver were observed in earlier literature. 47, 56, 57 The kidney tissues also accumulated the heavy metals Cd, Cu, Cr, Zn and Ni next to the gills and liver. The lowest concentration of metals was observed in muscle tissues as the bioaccumulation of metals is a complex process.
The heavy metal levels varied among the sh organs and muscles. In most instances, Cd, Cu and Pb showed higher bioaccumulation in the pre-monsoon samples whereas As, Cr and Zn exhibited higher bioaccumulation in the post-monsoon samples than in the pre-monsoon samples. The Ni bioconcentration was consistent in both of the periods. Table 6 shows the signicant variation in the bioconcentration of metals between the sh species studied based on the monsoonal and species level variation with P < 0.5 for nonparametric Mann-Whitney test.
To substantiate, the study revealed a higher bioaccumulation of heavy metals in the gills, liver, and kidney than in the muscles. The bioconcentration was higher in certain sites like C5 and V6 as there were sediments rich in heavy metals based on earlier reports. 6, 59 Thus, bioconcentration leads to biomagnication based on age, feeding habits (piscivorous or carnivorous) and residing habitats.
Hazard index in sh muscle tissues
The concentrations of metals in the present sh muscles were below the hazard quotient limits and are safe for human consumption as muscles are not an active site for metal biotransformation and accumulation. 60 In general, benthic sh are known to have a higher bioaccumulation of heavy metals than those of upper water column sh.
61-63 The behavioural and feeding pattern variation in sh also tends to variation in the bioaccumulation levels.
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The metal concentration differences for several heavy metals are based on the trophic levels of the sh. [64] [65] [66] [67] The Estimated Daily Intakes (EDIs) of heavy metals as per the EPA are shown in Table 7 . The maximum permissible concentration of trace metals in sh is shown in Table 8 . The HQs calculated showed those of As, Cd, Cu, Ni and Zn to be less than 1 ( Table 9 ). The HQ was not calculated for Pb and Cr due to the non-availability of their RfD values. The EDI values obtained in this study were 0.05-3.3 Â 10 À6 times lower than the RfD values, indicating no signicant health risks from the intake of heavy metals through the consumption of these sh muscles.
Micronuclei analysis
The MN% analysis revealed the genotoxic effect of the water quality affecting the aquatic life by use of sh vein blood samples and therefore the sh were also maintained alive.
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Increases in the MN% of 0.19-0.22% in the C. striata, and 0.15-0.25% in the C. punctata from heavily polluted sites were observed. The less polluted sites showed increases of 0.05% and 0.07% in the C. striata and C. punctata, respectively (Table 10 ). The high MN% in polluted sites were observed earlier. 70 The MN% in the pre-monsoon samples was higher than that in the post-monsoon samples and C. punctata had a higher MN% than that of C. striata.
Histopathology
Histopathological examination (Fig. 5 ) of polluted and nonpolluted sh gills has been extensively used to study environmental stress as respiration and osmoregulation are the major functions of gills. 71 In this study, the effect of bioaccumulated heavy metals on the gills, kidney, liver and muscle tissues of the sh from low, moderate and highly polluted sites from both the pre-and post-monsoon samples in C. striata and C. punctata were examined using histology. In accordance with earlier literature, the gills of the sh with high bioaccumulation suffered severe lamellar fusion, hyperplasia, hypertrophy and epithelial liing, swelling and deformed lamella, in some parts sloughing off and curving of lamellae.
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Their liver Table 6 Comparison of the bioconcentration factor in both species based on organs accumulated using the non-parametric Mann-Whitney test
Bold italics -signicance level P < 0.5. b Signicance level P < 0.05. c Maximum bioconcentration among the two-species studied; non-italicizedno signicance. Table 9 Hazard 
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The C. punctata showed more severe histopathological damage than the C. striata. Though, MN induction and histopathological damages could be caused by a variety of pollutants such as heavy metals, pesticides and a few other factors in the environment, few in vivo experimental studies have revealed the induction of MN and histopathological damage due to heavy metal exposure alone. 58, 76 Thus, the bioconcentration of metals in sh tissues is greatly inuenced by most of the physical and chemical water quality parameters in the environment.
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The study thus revealed that the sh samples collected from heavily polluted sites with poor WQIs (C8, V5, and T8) showed a higher bioconcentration than the sh collected from less polluted sites (C2, V1 and T4). The medium polluted sites C5, V3 and T2 are to be taken into concern as they may very soon turn to highly polluted sites in the near future if care is not taken. To conclude, C. punctata was more bioconcentrated with heavy metals than C. striata; the pre-monsoon samples showed an increased level of heavy metal concentration compared to that of the post-monsoon samples indicating that the difference in water quality levels in the study sites is attributed to the effect of rainfall levels. The Cauvery was most polluted at sites C6 and C8, then the Vaigai (at V5 and V6) with HPI > 100, and the Thamirabarani was the least polluted among the three river streams studied, with no sites having an HPI > 100.
Conclusion
The bioaccumulation of heavy metals either in the water or in aquatic organisms elicits toxicity to humans by direct or indirect means. C. punctata had a greater bioaccumulation of heavy metals than C. striata. The present study focussed on the water quality and heavy metal bioaccumulation in murrel sh of the three major rivers in Southern Tamil Nadu, India based on water quality, heavy metal indices, bioaccumulation, bioconcentration, micronuclei and histological analysis. The water quality indices in most of the sampling sites were poor and very poor which necessitates immediate steps to be taken for improving the water quality. The cadmium level was high particularly in the Thamirabarani, which may be due to rocks withering and industrial pollution but must be paid immediate attention to in order to maintain the water quality. The increased heavy metal concentrations of chromium, lead and nickel in these rivers elicits prompt bioremediation and diminution of anthropogenic activities to protect the natural resources for future generations. This highlights the importance of following proper water management practises to reduce the seemingly deteriorating water quality. Therefore, the present study denes a warning alarm for the proper remediation steps to be taken to safeguard the natural water resources to sustain the ecosystem.
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